Summary. Follicles were collected from cows and processed for electron microscopy and for immunofluorescent staining at the light microscope level. Key regulatory steroidogenic enzymes cholesterol side-chain-cleavage cytochrome P-450 (P-450scc) and 17\g=a\-hydroxylasecytochrome P-450 (P-45017\g=a\) were immunolocalized using specific IgG fractions raised against these enzymes. In larger follicles in which the theca interna had differentiated, positive staining for cytochromes P-450scc and P-45017\g=a\ was observed in the cells of the theca interna. Electron microscopic examination showed that these cells were rich in endoplasmic reticulum, mainly rough, and had moderate numbers of mitochondria with tubular and lamellar cristae. Positive staining was also present in the theca of follicles undergoing atresia. Positive staining for cytochrome P-45017\g=a\ was not observed in the membrana granulosa but cytochrome P-450scc was present in the membrana granulosa in some follicles, particularly in the larger antral follicles. By contrast, positive staining for both enzymes was not observed in stroma, surface epithelium or in small preantral follicles in which the theca interna had not differentiated. These results indicate good agreement between the type(s) of steroidogenic enzyme(s) present in tissues and the type(s) of steroid hormone(s) produced. It is concluded that regulation of steroid hormone production involves, at least in part, regulation of the levels of steroidogenic enzymes.
Introduction
During the oestrous cycle of the cow the ovarian production rates of steroid hormones, such as progesterone, androstenedione and oestradiol-17ß, change episodically, and these changes are related to the stage of development of follicles and corpora lutea (see Hansel & Convey, 1983) , and also to the follicular and luteal content of steroidogenic enzymes (Rodgers et al, 1986a) . Much of the ovarian androgen and oestrogen is synthesized by the largest, healthiest antral follicle (see Hansel & Convey, 1983) . In the follicle walls there are two distinct zones, theca interna and membrana granulosa, which have been dissected and cultured to determine their steroidogenic capacity in vitro (McNatty et al, 1984a, b) .
In these and other similar studies it was not possible to determine in which cell type of the theca interna and membrana granulosa steroid hormones were synthesized, or to control for changes in cell function that may have occurred when the tissues were transferred to an in-vitro situation.
To overcome these problems and to establish the cellular localization of steroidogenic enzymes, cholesterol side-chain cleavage cytochrome P-450 (P-450scc) and 17a-hydroxylase cytochrome P-450 (P-450,7a) were immunolocalized in cow follicles at the light microscope level by using specific antisera. Cytochromes P-450scc and P-45017a are both important regulatory enzymes in the steroidogenic pathway and catalyse respectively the conversion of cholesterol to pregnenolone and the conversion of pregnenolone or progesterone into androgens.
Materials and Methods
Electron microscopy. Reproductive tracts were removed from cows killed at an abattoir within 20 min of death. The ovarian artery was cannulated and the ovary perfused with 35 ml Dulbecco's modified Eagle's medium delivered from a syringe using gentle manual pressure. Each ovary was then perfused with 25 ml ice-cold 2-5% glutaraldehyde in phosphate buffer (0-1 m, pH 7-25). The ovary was then dissected into smaller pieces containing whole unruptured follicles, and these pieces were further fixed in ice-cold 2-5% glutaraldehyde. On return to the laboratory, the walls of 6 antral follicles were cut into small pieces and further fixed for 1 h and then rinsed in phosphate buffer containing 5% sucrose. Specimens were post-fixed in 2% On any one day of staining follicles of various sizes were examined and appropriate control incubations, without primary IgG or with non-immune IgG, were carried out for each ovary.
Antisera. Cytochrome P-450scc was purified from bovine adrenal cortex (Seybert et al, 1979 ) and kindly donated by Dr J. D. Lambeth, Emory University, Atlanta, GA, U.S.A. An IgG fraction was raised against cytochrome P-450scc in rabbits and prepared as described previously (DuBois et al, 1981) . Cytochrome -45017 was purified from pig testis and IgG raised against it in rabbits (Nakajin & Hall, 1981) . It has been shown previously by Western immunoblot analyses that the IgGs react specifically with their respective cytochrome P-450 enzymes and do not cross-react to any significant degree with other proteins of bovine follicles (Rodgers et al, 1986a) .
Results

Electron and light microscopic examination of ovarian follicles
The ovarian tissues and cell types examined for the presence or absence of cytochromes P-450scc and P-45017a, steroidogenic enzymes of the inner-mitochondrial membrane and endoplasmic reticulum respectively, included the hilus, ovarian stroma, surface epithelium, and preantral and antral follicles, both atretic and healthy. Positive staining for these enzymes was detectable only in the walls of antral follicles in which theca layers and the membrana granulosa were differentiated. The cells of membrana granulosa were closely packed into an avascular layer (Figs 1-3) , and both gap and adherens-type junctions were present between these cells. Moderate numbers of mitochondria and endoplasmic reticulum were found in the cytoplasm. The shape of the mitochondrial cristae was essentially lamellar and the endoplasmic reticulum was rough. In the theca interna layer the cells not associated with the vasculature were spindle-shaped and tended to be separated from each other by areas of extracellular matrix containing collagen fibrils. These cells were more rounded and less spindle-shaped than the very spindle-shaped fibrocytes (which were more numerous in the theca externa), and contained moderate numbers of mitochondria with essentially tubular/vesicular cristae and much endoplasmic reticulum, appearing predominantly rough.
Figures 2 and 3 show typical sections of follicle walls cut from O.C.T.-embedded material and used for immunostaining. When sections were cut from large follicles, the orientation of cells in the membrana granulosa was disrupted to a variable degree because of the formation of ice-crystals in follicular fluid. It was therefore not possible to distinguish easily healthy follicles from those that were in early atresia, as the diagnosis of this is usually made on the basis of the morphology of the membrana granulosa (Rajakoski, 1960; Marion et al, 1968) . However, follicles could be classified as being in the advanced stages of atresia when the membrana granulosa was severely degenerate.
Figs 4-9. Light micrographs of immunofluorescence staining of follicle walls using anticytochrome P-450scc. Figure 8 shows the membrana granulosa of a large follicle from which follicular fluid was removed before freezing the follicle. Arrows indicate granulosa cells not staining as intensely as other granulosa cells. Immunofluorescent staining with anti-P-450scc IgG Immunofluorescent staining of follicular walls with IgG against cytochrome P-450scc is shown in Figs 4-9. No positive staining was observed in the theca externa but was observed in the theca interna and less intensely in the membrana granulosa. The immunofluorescent staining was punctate and localized to the cytoplasm (Fig. 7) , indicative of a mitochondrial localization. In the theca interna, cells of the vasculature did not stain positively (Fig. 5) , and judging from the pattern of staining it appeared that the less spindle-shaped cells, \vhich had been observed by electron microscopy to have moderate numbers of mitochondria and tubular/vesicular cristae, were the positively staining cells. The theca interna of follicles in relatively advanced stages of atresia, in which the membrana granulosa was nearly absent, were observed to stain positively.
The cells of the membrana granulosa stained less intensely than the cells of the theca interna and in some instances it was only slightly more intense than that observed in sections with nonimmune IgG (Fig. 10) . Generally, the staining of the membrana granulosa was more intense in the larger follicles. Within the membrana granulosa the distribution of staining appeared to be relatively even. However, in follicles in which the follicular fluid had been removed before embedding in O.C.T. compound, not all cells of the membrana granulosa stained to the same intensity (Fig. 8) . Bovine corpora lutea did not stain positively for cytochrome P-45017o (Fig. 11) , nor-did any other ovarian compartment other than the theca interna. Theca interna from healthy and severely atretic follicles stained positively for cytochrome P-450j7a. The staining was localized to the cytoplasm and was relatively evenly distributed, suggestive of localization to the endoplasmic reticulum (Fig.  14) . Blood vessels did not stain positively for cytochrome P-45017a and the pattern of staining in the theca was consistent with positive staining of the less spindle-shaped cells, the ones observed by electron microscopy to be rich in the endoplasmic reticulum.
Discussion
Steroidogenic properties of follicles have been studied in the past by a number of methods including (a) the measurement of steroids in follicular fluid (Merz et al, 1981; Ireland & Roche, 1983) , (b) the measurement of the specific tissue contents of steroidogenic enzymes (Rodgers et al, 1986a) , (c) the in-vitro production of steroid hormones by follicles (Kruip et al, 1979) and follicle walls (McNatty et al, 1984a, b) , and (d) the localization of steroidogenic enzymes by histochemistry (Rubin et al, 1963; Baillie et al, 1966) and microspectrometric analysis (Zoller & Weisz, 1978 (Shemesh, 1979; McNatty et al, 1984b ) and luteal tissues (Hansel et al, 1973;  Gospodarowicz & Gospodarowicz, 1972; Ursely & Leymarie, 1979) . In agreement with this in the present study cytochrome P-450scc was found to be localized to the walls of follicles with differ¬ entiated theca, as well as cyclic corpora lutea (Rodgers et al, 1986b) , although the intensity of the immunostaining was less in the cells of the follicles. In the theca interna, cytochrome P-450scc appeared to be localized to the less spindle-shaped cells, which by electron microscopy were seen to be rich in endoplasmic reticulum, predominantly rough, and to have moderate numbers of mitochondria with mainly tubular/vesicular cristae. The very spindle-shaped fibrocytes, which were predominant in the theca externa, were negative for the presence of cytochrome P-450scc. Even in atretic follicles the cells of the theca interna were positive for the presence of cytochrome P-450scc
Figs 12-17. Light micrographs of immunofluorescent staining of follicle walls using anticytochrome P-45017a. and although the theca interna of antral follicles has been shown not to respond to LH, it did produce progesterone and androgen in vitro in amounts similar to those of healthy follicles on a wet weight of tissue basis (McNatty et al, 1984b) . The membrana granulosa in some follicles stained positively for cytochrome P-450scc although the intensity was less than that of the theca interna and in some follicles was barely above background. In general, the staining of the membrana granulosa was more intense in larger follicles. In agreement with these results it has been shown that bovine granulosa cells have measurable amounts of cytochrome P-450scc (Funkenstein et al, 1983) and can produce progesterone in culture (Henderson & Swanston, 1978; Henderson & Moon, 1979; Shemesh, 1979) . On the other hand, stroma and preantral follicles with undifferentiated theca did not stain positively for cytochrome P-450scc. Stromal tissue which in many studies includes small preantral follicles had a very low content of steroid and produced very little steroid in vitro (McNatty et al, 1984b) . There is therefore good agreement between the ability ofa tissue to produce C21 -steroids and its content of cytochrome P-450scc, and this suggests that one mechanism by which pregnenolone and progesterone production by the ovary is regulated could involve regulation of the cellular content of cytochrome P-450scc.
The conversion of pregnenolone or progesterone into androgens is catalysed by the microsomal enzymes cytochrome P-45017a and C17 20-lyase, which appear to be the same enzyme (Nakajin & Hall, 1981; Kominami et al, 1982; Nakajin et al, 1984; Suhara et al, 1984) . In the present study, cytochrome -45017 was localized only to the theca interna and was not present in small preantral follicles, which did not have differentiated theca, or in any other ovarian compartment. In bovine ovaries it has been shown that only the theca interna contained and produced androgen in vitro (McNatty et al, 1984b) . Bovine corpora lutea have barely detectable levels of microsomal cytochrome P-450 (Mclntosh et al, 1971) and in vitro produced even under LH stimulation only small amounts of testosterone, equivalent to < 1 % the amount of progesterone produced (Shemesh et al, 1975) . No studies akin to localization of cytochrome P-45017a have been reported except for the localization by microspectrophotometric analysis in rat ovaries of total cytochrome P-450, which in ovaries includes cytochromes P-450scc and P-45017a and aromatase cytochrome P-450, to areas of the membrana granulosa (Zoller & Weisz, 1978) . In the present study cytochrome P-45017a was present in atretic follicles whose theca produced androgen in vitro even though it was unresponsive to LH (McNatty et al, 1984b) . These findings therefore suggest that the ovarian source of androgen, either secreted into the blood or converted into oestrogen, is the theca interna. Moreover given the close relationship between a tissue's ability to produce androgen and its con¬ tent of cytochrome P-45017a, it is suggested that one mechanism by which androgen synthesis is regulated could involve the regulation of the cellular content of cytochrome P-45017a.
Ultrastructural studies of 'steroidogenic' cells have revealed these cells as having a high density of mitochondria with tubular cristae, and much smooth endoplasmic reticulum (Christensen & Gillim, 1969) . Neither cells of the theca interna nor membrana granulosa had a particularly high concentration of mitochondria, and the volume density of mitochondria has been reported to be less than that of large luteal cells (Priedkalns & Weber, 1968a) . The mitochondrial cristae of theca cells were more tubular than the more lamellar-shaped cristae of the granulosa cells and since the staining for cytochrome P-450scc was more intense in theca cells it is suggested that the shape of the cristae is related, in part, to the content of this steroidogenic enzyme. The endoplasmic reticulum in the theca interna cells was extensive and predominantly rough. Priedkalns & Weber (1968b) observed that the ratio of rough to smooth endoplasmic reticulum declined as oestrus approached and they related these changes to the acquisition of steroidogenic function by these cells. However, in the present study it was found that cytochrome P-45017a was present even in very small follicles where the endoplasmic reticulum was predominantly rough. This suggests that attachment of ribosomes to endoplasmic reticulum per se is not related to steroidogenic function of the cell.
It has been postulated that in a number of species follicular oestrogen is produced by the aromatization in granulosa cells of androgens derived from the theca (see Hillier, 1981) . The present data confirm for bovine follicles that oestrogen production by the granulosa cells requires androgen from cells of the theca interna since cytochrome P-45017a was only detectable in theca interna cells. However, to confirm or otherwise test the two-cell hypothesis, aromatase cytochrome P-450 needs also to be localized. Only then when all three key regulatory enzymes of the steroid production pathway have been localized will it be possible to determine if two different cell types are required for oestrogen production.
In conclusion, the findings of the current experiments strengthen the proposition that the amounts and types of steroid hormones produced by ovarian compartments are principally a reflection of the amounts and types of steroidogenic enzymes present. We suggest that regulation of ovarian steroidogenesis involves regulation of the synthesis and concentration of these steroidogenic enzymes.
